Objective: Several series report on the relative contribution of ectopic ACTH syndrome (EAS) in the spectrum of Cushing's syndrome. However, prevalence of EAS in patients with thoracic or gastroenteropancreatic neuroendocrine tumors (GEP-NETs) is currently unknown. Design: We assessed, in a tertiary referral center, the prevalence of EAS in a large cohort of thoracic and GEP-NET patients including clinical, biochemical, and radiological features; management; and treatment outcome. Methods: In total, 918 patients with thoracic or GEP-NETs were studied (1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012). Multiple endocrine neoplasia type 1 and small cell lung carcinoma patients were excluded. Differentiation between synchronous, metachronous, and cyclic occurrence of EAS was made. Results: Out of the 918 patients with thoracic and GEP-NETs (469 males and 449 females; median age 58.7 years (range: 17.3-87.3)), 29 patients (3.2%) had EAS (ten males and 19 females; median age 48.1 years (range: 24.7-77.9)). EAS occurred synchronously in 23 patients (79%), metachronously in four patients (14%), and cyclical in two patients (7%) respectively. NETs causing EAS included lung/bronchus (nZ9), pancreatic (nZ9), and thymic (nZ4). In four patients, the cause of EAS was unknown (nZ4). Median overall survival (OS) of non-EAS thoracic and GEP-NET patients was 61.2 months (range: 0.6-249.4). Median OS of EAS patients was 41.4 months (range: 2.2-250.9). After comparison, only the first 5-year survival was significantly shorter (PZ0.013) in EAS patients. Conclusion: Prevalence of EAS in this large cohort of patients with thoracic and GEP-NETs was 3.2%. EAS was mostly caused by thoracic and pancreatic NETs. First 5-year survival of EAS patients was shorter compared with non-EAS patients.
less often, by a non-pituitary ectopic ACTH-secreting tumor. ACTH-independent CS is caused by benign or malignant adrenal tumors or bilateral adrenal hyperplasia (1) .
The ectopic ACTH syndrome (EAS) represents 20% of ACTH-dependent CS and about 10% of all types of CS (1, 2, 3, 4) . EAS is associated with a variety of malignancies, predominantly of (neuro-)endocrine origin (bronchial, thymic, or pancreatic neuroendocrine tumors (NETs)). Other tumors associated with EAS are small cell lung carcinoma (SCLC), pheochromocytoma, medullary thyroid carcinoma (MTC), and prostate carcinoma (2, 5, 6, 7, 8) .
NETs originate from cells of the diffuse endocrine system and form a heterogeneous group of relatively rare neoplasms with various clinical manifestations and a distinct biological behavior (9) . Recent epidemiologic studies show that the age-adjusted incidence of all gastroenteropancreatic (GEP)-NETs is 3.65, for pancreatic NETs 0.43, for bronchial NETs between 0.2 and 2.0, and for thymic NETs, this is 0.4/100 000 population per year (10, 11) . Therefore, ectopic ACTH-secreting thoracic and GEP-NETs are extremely rare. Several large series report on the relative contribution of EAS in the spectrum of CS (2, 7, 12) . However, information on the incidence and prevalence of EAS in the setting of patients diagnosed with thoracic or GEP-NETs is currently unknown.
Therefore, the aim of this study was to assess the prevalence of EAS in a large cohort of patients with thoracic and GEP-NETs in a single tertiary academic referral center and to compare the prognosis in patients with and without EAS. Furthermore, clinical, biochemical, and radiological features; management; and treatment outcome of this patient cohort with EAS was evaluated.
Patients and methods

Patients
Patients with thoracic and GEP-NETs were identified from the Erasmus MC NET database. Patients diagnosed with the multiple endocrine neoplasia type 1 (MEN1) syndrome were excluded. Thymic NETs are known to be associated with MEN1, and MEN1-related ACTH-secreting NETs can harbor germline menin or other somatic mutations (1) .
Also patients with SCLC, prostate carcinoma, and MTC were excluded from the study. The medical records of 918 (non-MEN1) patients with thoracic and GEP-NETs, evaluated between 1993 and 2012 in the Erasmus MC, Rotterdam, The Netherlands, were reviewed. All thoracic and GEP-NET patients treated in the Erasmus MC, Rotterdam (as described in the present manuscript) gave written informed consent before inclusion in the studies, which were approved by the Medical Ethics Committee of the Erasmus MC, Rotterdam.
Analysis of clinical and pathological data, laboratory parameters, and imaging findings was performed, and information on medical and surgical treatments was collected.
Diagnosis of thoracic NET and GEP-NET
Diagnosis of thoracic NET and GEP-NET was made on the basis of serological markers (chromogranin A and neuronspecific enolase), pathologic elevations of circulating, hypersecreted neuroendocrine hormones, or peptides (13) , imaging according to international protocols and standards (14, 15) in combination with histological confirmation according to current guidelines (16, 17) .
Diagnosis of EAS
The diagnosis of CS was based on a review of the patient's medical history, clinical features, and laboratory tests. The use of exogenous glucocorticoids was excluded before biochemical tests were conducted. Hypercortisolism was biochemically established by elevated excretion of 24-h urinary free cortisol (UFC) levels on at least two occasions, insufficient suppression of serum cortisol after 1 mg overnight dexamethasone (cutoff plasma cortisol (0800 h): 50 nmol/l), loss of physiological cortisol diurnal rhythm (CDR) with assessment of midnight plasma and/or salivary cortisol levels, and non-suppressed plasma ACTH levels in the presence of normal or elevated plasma cortisol levels.
After the diagnosis of ACTH-dependent CS, the following tests were used to differentiate between pituitary and ectopic ACTH production: first, radiological imaging of the pituitary by magnetic resonance imaging (MRI); secondly, when no adenoma was present on radiological imaging or if the size of the adenoma was !6 mm, bilateral inferior petrosal sinus sampling (BIPSS) was performed as the gold standard differentiation test. The i.v. 7 mg high-dose dexamethasone suppression test (HDDST) and the corticotropin-releasing hormone (CRH) stimulation test were not routinely used anymore from 2000 and onwards because of availability and better diagnostic performance of BIPSS (18).
Definition of synchronous, metachronous, and cyclic EAS
Further differentiation was made between synchronous (diagnosed within 3 months before or after thoracic or GEP-NET diagnosis), metachronous (diagnosed O3 months after thoracic or GEP-NET diagnosis), and cyclical EAS (repeated episodes of hypercortisolism intermediated by phases of normal cortisol secretion) based on the time between the diagnosis of EAS and the diagnosis of the thoracic or GEP-NET.
Assays and investigations
Serum cortisol (reference range: 200-700 nmol/l), 24-h UFC excretion (reference range: 0-850 nmol/24 h), and plasma ACTH (reference range: 0-11 pmol/l) were measured using chemiluminescence-based immunoassays (Immulite 2000, Siemens, Los Angeles, CA, USA; inter-and intra-assay coefficients of variation respectively below 15 and 7% for cortisol and below 6.5 and 5.5% for ACTH). Urinary cortisol was measured without prior solvent extraction. Although this may be a less accurate method, the upper limit of normal of this in-house assay was carefully determined according to cortisol secretion rate in healthy controls (19) . Salivary cortisol was measured using a commercial kit (Salivary Cortisol ELISA SLV-2930, DRG Instruments GmbH, Marburg, Germany). 
Statistical analysis
Results
Patients
From 1993 to 2012, a total of 953 NET patients were treated in our department. After exclusion of 24 MEN1, four SCLCs, two prostate carcinoma, one MTC, and four other non-proven NET patients, 918 consecutive (non-MEN1) patients -469 men and 449 women (female-to-male ratio, 1:1) -with thoracic and GEP-NETs were studied. The median age of the patients at the time of the thoracic and GEP-NET diagnosis was 58.7 years (range: 17.3-87.3). The median follow-up of the study population was 61.2 months (range: 0.6-250.0). The majority of these tumors originated from the small intestine (267 patients -29.1%), followed in order of frequency by the non-functioning pancreas NETs (221 -24.1%), lung/ bronchus (51 -5.6%), large intestine (47 -5.1%), ileocecal (43 -4.7%), and insulinoma (41 -4.5%). In 131 (14.3%) patients, the primary tumor remained unknown until the completion of the study. The great majority of patients (81.8%) were diagnosed with ENETS stage IV disease. Information on tumor grading was available in 523 patients: 240 (26.1%) were G1, 240 (26.1%) were G2, and 43 (4.7%) were G3 ( Table 1) .
Evaluation of the medical records of these 918 thoracic and GEP-NETs patients revealed EAS in 29 patients -19 women and ten men (female-to-male ratio, 1.9:1), corresponding with a prevalence of 3.2%.
Patients were divided into two groups: patients with and without the EAS with respect to the patient's sex, age at diagnosis, localization of the primary thoracic or GEP-NET, localization of the metastasis, tumor grade, and ENETS stage. Highly significant differences were seen for the following parameters: a higher median age at diagnosis of the primary NET in the non-EAS group (58.9 years vs 48.1 years, P!0.001), a higher prevalence of thoracic (lung/bronchus and thymic) NETs in the EAS group (31% vs 4.7%, P!0.001), a higher prevalence of small intestine NETs in the non-EAS group (30% vs 0%, P!0.001), a higher prevalence of liver metastasis in the non-EAS group (78.7% vs 55.2%, P 0.003), and a higher prevalence of lung metastasis in the EAS group (27.6% vs 7.8%, P 0.002); grade 2 tumors were more frequently seen in patients in the EAS group (48.3% vs 25.4%, P 0.006), and stage IIIB was more frequently present in the EAS group (24.1% vs 9.3%, P 0.018), whereas stage IV was more frequently seen in the non-EAS group (82.5% vs 62.1%, P 0.005) ( Table 1) .
Clinical presentation and complications of EAS
The majority of patients presented with the classic clinical signs and symptoms of CS were caused by known ectopic ACTH secretion: muscle weakness (79%), hypokalemia (72%), body weight changes (69%), truncal obesity (66%), full moon face (66%), hypertension (59%), and diabetes (59%) ( Table 2) .
Complications due to severe hypercortisolism included uncontrolled diabetes (59%) and severe or opportunistic infections (41%) involving the skin (nZ2), urogenital tract (nZ3), respiratory tract (nZ5), sepsis (nZ3), herpes zoster (nZ1), and candida (nZ1). Three patients had multiple recurrent infections. Other complications were severe hypertension (17%), pulmonary embolism (nZ3) or thrombosis (nZ1) (14%), and psychosis (14%) ( Table 2 ). For further differentiation between pituitary and ectopic ACTH production, 16 of 29 (55%) patients underwent MRI of the pituitary gland, but in no case did this show any clear evidence of an adenoma at presentation or follow-up. Overall, 20 patients underwent a HDDST, and 19 of 20 (95%) showed no serum cortisol suppression after HDSST. However, the only patient who showed cortisol suppression after HDSST (42.5% suppression of the baseline value) was diagnosed with a histologically proven EAS (lung NET). Data on the CRH stimulation test were available for 14 patients: 13 exhibited no cortisol or ACTH response after CRH administration; however, the same patient with a lung NET that showed cortisol suppression after HDSST also demonstrated after human CRH administration a 14 and 23% cortisol rise at 30 and 45 min respectively. Eight patients underwent BIPSS, none of them showed a central-to-peripheral ACTH gradient.
Diagnosis of EAS
In most patients, EAS was identified synchronously within 3 months before or after the thoracic or GEP-NET diagnosis (nZ23). Metachronous EAS was only seen in few patients (nZ4). In two patients, cortisol levels fluctuated markedly during follow-up (repeated episodes of hypercortisolism intermediated by phases of normal cortisol secretion), indicating cyclical EAS.
These two patients with cyclical EAS were diagnosed with a histologically proven thymic NET and pancreatic neuroendocrine tumor (PanNet) respectively.
Radiological investigation
A variety of imaging modalities was used over time to localize ACTH-producing thoracic or GEP-NET, as different imaging techniques became available. In total, 27 EAS patients underwent chest radiography, which revealed the presence of the primary thoracic tumor in six patients and metastases in only two out of eight patients with lung metastases. In total, 25 EAS patients underwent computed tomography (CT) imaging of the chest, which identified 13 with primary thoracic NETs, and 28 EAS patients had CT imaging of the abdomen, which identified eight of 12 GEP-NETs. Five EAS patients, who underwent CT imaging of the abdomen, additionally underwent MRI of the abdomen, and this revealed one with more primary pancreatic NET and other patient with metastases of the liver.
Octreotide scanning ( 111 In-pentetreotide scintigraphy) was performed in all 29 EAS patients, 20 had positive octreotide scintigraphy. In total, four of these 20 patients had an octreoscan that did not reveal the primary tumor but did reveal the presence of metastases (lymph nodes and liver). Two patients had an 123 I-MIBG scan that did not reveal the primary in either but did reveal the presence of metastases (liver) in one patient. Positron emission tomography (PET), a relatively new, non-invasive technique, was performed in six EAS patients. One of these six patients, with a G3 lung NET, underwent [
18 F]-fluorodeoxyglucose PET which provided just limited information on lymphnode metastases. Additional 68 Ga-DOTA-TOC imaging in this patient revealed metastases of liver and bones. 18 F-DOPA scan performed in three patients revealed the presence of already known liver metastases in one patient. In another patient, both 18 F-DOPA and 11 C-5-HTP-PET scans were performed and were negative. 11 C-5-HTP-PET imaging was able to identify the primary thymic NET in one of our patients. 
Management of EAS
Medical treatment " A total of 23 patients with EAS received medical treatment which consisted of the glucocorticoid receptor antagonist mifepristone, adrenolytic agents such as ketoconazole and etomidate, or ACTH inhibitory agents like somatostatin analogs (SSAs). Mifepristone, ketoconazole, and SSAs were used alone in five, three, and five patients respectively. Other patients received up to three drugs simultaneously or sequentially. Medication was discontinued or changed because of side effects (nZ4) or inadequate inhibition (nZ12). All patients (nZ18), except two, had persistent hypercortisolism under treatment with ketoconazole or deteriorated under mifepristone treatment, and 15 of these patients underwent bilateral adrenalectomy. Of the two patients in whom clinical symptoms improved under treatment with mifepristone, one underwent surgery of the primary tumor, whereas the other patient ultimately underwent a bilateral adrenalectomy.
Surgical treatment " Curative resection or debulking of the primary tumor and its metastases was performed in 16 patients with EAS. Overall, seven patients had a curative resection and were cured of EAS; however, two of these patients previously underwent a bilateral adrenalectomy to control their hypercortisolism. In the other nine patients, surgery was not curative, and the EAS was controlled by bilateral adrenalectomy. In total, 22 out of 29 patients underwent a bilateral adrenalectomy to control the hypercortisolism caused by EAS. Three patients with thymic NETs received external radiotherapy to the mediastinum. In three GEP-NET patients, radiotherapy was directed to the bone metastases for pain control. Other adjunctive treatments were cytotoxic chemotherapy (10.3%) and everolimus (6.9%).
Pathological findings
Of the 29 EAS thoracic and GEP-NET patients, 16 patients had a histopathological-established diagnosis at Erasmus MC, Rotterdam, with the exception of seven patients who had a histopathological diagnosis before referral. Our pathology department reviewed all tumor tissues, obtained from the referring hospitals, in order to confirm the diagnosis. Furthermore, ACTH immunohistochemistry was positive in 13 out of 18 patients.
Prognosis and survival
At the last time point of follow-up, 15 of 29 (52%) EAS NET patients and 547 of 889 (62%) non-EAS thoracic and GEP-NET patients were still alive. In the EAS NET group, patients died of complications due to progression of the tumor itself (nZ8) or as a consequence of previous excessive cortisol secretion (opportunistic infections (nZ2), cardiac failure (nZ2), and pulmonary embolism (nZ1)); in one patient, the cause of death remained unknown. From this total of 14 deaths in the EAS NET group, two patients did not undergo bilateral adrenalectomy (one patient was in poor clinical condition and died within 2 months; the other patient refused and died after 12 months), nine patients had an early bilateral adrenalectomy (within 1 month after diagnosis of EAS), and three patients had a late bilateral adrenalectomy (after more than 4 months). Median survival of patients after early bilateral adrenalectomy was 6.2 months (range: 5.0-20.9 months), and median survival of patients after late bilateral adrenalectomy was 5.2 months (range: 2.2-20.9 months).
Median OS of the non-EAS patients was 61.2 months (range: 0.6-249.4), whereas median OS of the EAS patients was 41.4 months (range: 2.2-250.9). The OS in the patients with EAS was not significantly shorter (PZ0.151) than in the group with non-EAS patients when compared for the complete duration of follow-up. However, the first 5-year survival of the EAS patients was significantly shorter (PZ0.013) than in the group with non-EAS patients (Fig. 1) .
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Survival according to tumor grade (Fig. 2) and ENETS tumor stage (Fig. 3 ) compared in patients with and without EAS showed no significant differences.
Discussion
We have evaluated the prevalence of EAS in a large cohort of patients with thoracic and GEP-NETs, who were followed in a single, academic, and tertiary referral center. In our retrospective study, we found that, within a period of 20 years (1993-2012), 918 new patients with thoracic and GEP-NETs included 29 patients (3.2%) with proven EAS.
In addition, we present the clinical, endocrine, and radiological features; management; and treatment outcome of our cohort of 29 thoracic and GEP-NET patients with EAS evaluated and treated within a single center.
In line with literature, thoracic NETs (lung/bronchus and thymic) were the most common tumors with ectopic ACTH production (44.8%) in our study, followed by nonfunctioning PanNETs (31%). Furthermore, EAS occurred only in one patient with an appendix NET in accordance with Ilias et al., which may explain why EAS is not a major concern in NETs originating from the midgut (1, 2, 7) .
Comparisons were made between thoracic and GEP-NET patients with and without EAS which showed highly significant differences regarding various clinicopathological parameters. The lower median age at diagnosis of EAS patients is presumably explained by an earlier onset of symptoms due to the EAS. This probably also clarifies why stage IIIB tumors, without distant metastasis, are more frequently seen in the EAS group. The differences in localization between the distant metastasis, lung for the EAS group and liver for the non-EAS group, are in line with the primary tumor site.
This series of 29 patients illustrates the broad clinical spectrum of EAS that can present with a variable clinical phenotype as can be inferred from the prevalence of signs and symptoms (2, 7, 20) .
In our cohort, all patients had disturbed first-line screenings tests for hypercortisolism. Although dynamic testing with CRH test and HDDST performed reasonably well, only BIPSS resulted in a sensitivity and specificity of 100% to differentiate between EAS and central ACTH overproduction.
CT or MRI of thorax and abdomen and octreoscan revealed the primary EAS lesion in most patients. Thoracic NETs were best detected by CT imaging of the chest Overall survival and 5-year survival of EAS (nZ29) vs non-EAS thoracic and GEP-NET patients (nZ889). . The octreoscan was positive in 69% of patients and showed no superiority over CT or MRI in detecting more lesions. NETs express somatostatin receptors (SSTs), in particular subtype 2, and can be identified with SSTs scintigraphy with 111 In-pentetreotide octreoscan. In EAS patients, reported sensitivity of the diagnostic octreoscan varies between 25 and 80%, and this broad range may in part be explained by differences in imaging technique protocols (2, 7, 21, 22) . Furthermore, we found five patients with negative ACTH immunohistochemistry in our series (lungZ2 and PanNETZ3). This is in line with Isidori et al., they state that, in all patients, diagnosis was further confirmed by positive ACTH immunoreactivity (nZ15) and/or complete/partial resolution of the hypercortisolemia after tumor removal/ debulking (nZ19). They also found negative ACTH immunohistochemistry in several (lung) NET patients (7) . Another possible explanation could be bad fixation during immunohistochemistry in combination with the revision of relatively old tumor tissue samples.
Management of patients with ACTH-producing thoracic and GEP-NETs was aimed at control of cortisol excess, preferably also paralleled by tumor stabilization or reduction, resulting in prolongation of survival. Optimal primary treatment of EAS with surgical resection of the primary tumor and its metastasis was possible in 24% of our EAS patients. In second-line treatment to control cortisol excess, cortisol included bilateral adrenalectomy, medical therapy, and radiotherapy (1, 2, 6, 7, 23, 24) . Ultimately, most of our patients underwent bilateral adrenalectomy to control hypercortisolism.
Two large historical case record studies evaluated survival of EAS in NETs and other tumors. In the study by Ilias et al. (2) , a cumulative survival of w85% in pulmonary NET patients at 5 years was shown. In the study by Isidori et al. (7), cumulative survival of NET at 5 years without distant metastases was about 80% and with distant metastases (stage IV) 60%. OS in our cohort of 29 EAS patients (62% stage IV) was 65% at 5 years and for non-EAS patients (82.5% stage IV) 75% at 5 years. We conclude that, in our cohort, OS of patients with EAS was not significantly shorter than OS of non-EAS patients when compared for the complete duration of follow-up. However, the first 5-year survival of EAS patients was significantly shorter than the first 5-year survival of non-EAS patients. This difference could be explained by the proportion of 'cured' patients in the EAS group, in which survival is probably no longer largely determined by the EAS or the thoracic or GEP-NET. Literature shows that the overall prognosis of EAS patients is mainly determined by the tumor grade and stage at the time of diagnosis (2). In our study, eight EAS patients died of complications due to progression of the tumor itself, whereas five patients died due to complications of excessive cortisol secretion. Chronic hypercortisolism can induce multisystem morbidities and serious complications (25) . Cardiovascular risk factors (e.g. uncontrolled diabetes, severe hypertension, and obesity), immunosuppressive effects increasing the risk of opportunistic infections and sepsis, and venous thromboembolism occurred frequently in our patient cohort.
Although we report the prevalence of EAS in a very large cohort of patients with thoracic and GEP-NETs, our study has a minor limitation, since not all patients with thoracic and GEP-NETs were screened for hypercortisolism and EAS. Therefore, hypothetically patients with mild EAS might not have been diagnosed. However, EAS is usually symptomatic and associated with severe hypercortisolism. In this retrospective study, we conclude that, within a period of 20 years (1993-2012) , the prevalence of EAS in a large cohort of patients with sporadic thoracic and GEP-NETs was 3.2%. The first 5-year survival was shorter in patients with EAS compared with non-EAS patients. Our and other studies show that EAS in patients with thoracic and GEP-NETs is associated with serious morbidity and a high mortality risk. Therefore, aggressive treatment of hypercortisolism with (combination) medical therapy or rescue bilateral adrenalectomy is an essential part of patient management.
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